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REGIONAL GRAVITY SURVEY OF THE CARRIZO MOUNTAINS AREA,

ARIZONA AND NEW MEXICO
By Donald Plouff
Abstract

A total of 570 gravity stations were established within an area of
about 1,000 squere miles south of the common cormer of Colorado, Utah,
Arizona, snd Fev Mexico. The Bouguer gravity anomaly pattern apparently
is unrelated to the disposition of minette plugs inasmuch as there probably
is little contrast in density between the conduit filling and the surrounding
sedimentary rock. Gravity contours associated with an underlying dense mass
within the Precambrian basement parallel the Boundary Butte anticlinal
structure. The steep gravity anomaly gredient near the southeast corner
of the area probably follows the buried, steeply dipping or faulted edge

of the Defiarnce uplift.



Introduction

The gravity investigation in the Carrizo Mountains area extends the
regional gravity survey of the Colorado Plateau begun in the Uravan area,
Colorado during the summer of 1953 by the U. S. Geological Survey (Joesting,
1953, p. 55). The gravity survey is a part of the regional geophysical
studies of the Colorado Plateau. These studies, "....involve the systematic
c¢ollection of magnetic, gravimetric, geothermal, and subsurface data, and
enalysis of this data in terms of regional structural trends, basement
topogrephy and composition of the intrusive rocks" (Joesting, Byerly, and
Plouff, 1955, p. 93). Most of the field work for the grevity survey was
completed during October and November 1954 and May and June of 1955.

The gravity survey covered by this report comprises STO stations
established within an area of esbout 1,000 square miles of Navajo Reservation
in Apache County, Arizona andi Sen Juan County, New iMexico (fig. 1).
Fromirent landmarks of the area include the Carrizo Mounteins near the
center, Ship Rock to the east, end the Chuska Mountains to the south.

Access to the area is via Shiprock, Rew Mexico (fig. 5).
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Geology

General

In general the erea falls within the platform between the Defiance
uplift, the Blanding basin, and the San Juan besin (fig. 1). The Carrizo
Mountains dome interrupts the otherwise simple platform.

Sedimentary rocks that crop out in the Carrizo Mountains area range in
age from the Permian to the Tertiary system (fig. 2). 0il wells drilled in
the area extend the local geologic column to the Cambrian (?) (Bass, 19uk).
The discussion of geology in this report is limited to the general rock types,

densities, and structure as related to their effect on the gravity pattern.



Precambrian rocks

The nearest exposure of Precambrian rock crops out in Quaxrtzite
Creek, about 25 miles south of the area covered by this report, two
miles northwest of Fort Defience, Arizona (Gregory, 1917, p. 1T).
About 800 feet of hard, well-bedded, intensely fractured quertzite
occurs in two small exposures in this vicinity (Allen and Balk, 1954,
p. 60). The Precembrian basement complex, however, is considerably more
diverse than indicated by & single exposure. About 50 miles to the northe.
eest more than 45 units have been mapped near the San Juan uplift,
Coloredo, and intrusive granitic rocks comprise almost half of the area
of exposure (Cross, Whitman, and Lersen, 1935, p. 17-19). Similer diverse
kinds of Precambrian rock are exposed in weatern Arizona near Grand Canyon
where granite, schist, and gneiss, respectively, are abundant (Darton,
1910, p. 14), in west-central Colorado near the Uncompashgre Plateau schists
and gneisses are most common (Shoemaker, 1956, p. S4), end in the Zuni
uplift southeast of Gallup, Few Mexico, vwhere granites are exposed

prominently (Darton, 1928, p. 1k8).
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At present no wells have been drilled to Precambrian within the
Carrizo Mountains erea. Huuble 0il Company drilled "No. 1l-D Navajo"
(Rew Mexico sec. 30, T. 26 N., R. 19 W) about 7 miles southeast of the
erez to Precambrian rocks. The Phillips Petroleum Company "Navajo Fo. 1"
well (New Mexico sec. 5, T. 30 N., R. 17 W.) reached gneiss and the Humble
0il Company "No. 1-C Favajo" well (New Mexico sec. 8, T. 31 N., R. 18 W.)
reached probable meta-sedimentery rocks (J. E. Case, written communication,
fApril 1958). Bass (1944, p. 13) reports two wells bottoming in schist
near Mexican Het, Utah about 30 miles northwest of the Carrizc arees. The
Amersda and Stanolind "Navajo-Black Mountein" well (Arizona sec. 26, T. 32 N.,
R. 23 E.), about 28 miles southwest of Round Rock, Arizona, elso bottoms in
Precambrian rocks. |

Sampling of fhe Precambrien in other deep wells in this region
undoubtedly will aid in giving direct information about rock types in the
Precambrian. This is especially important for interpretation of gravity and
magnetic apomslies. Near the Cerrizo Mountains as in other areas the gravity
pattern is strongly controlled by distribution of the various Precambrian
rock types. Any deta, then, pertaining to depth to basement and rock type
within or pear the area are & step toward solution of the basement configura-

tion that most nearly fits the gravity anomaly pattern.
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E. M. Shoemaker of the U. S. Geological Survey has collected a number
of samples of xenoliths of Precasmbrian crystalline rock from diatremes on
the Navajo and Hopl Reeervations in Arizonsa, Rew M?;ico, and Utah. A large
variety of crystalline rock types is indicated by 8 samples collected in
the Carrizo Mountains area and 19 semples within 20 miles from the ares.
The average dry bulk density measured from the collection 1s 2.73 gm/cm?
over a range from 2.51 to 2.9k gm/cmﬁ. These semples show little effect of
weathering or aslteration (E. M. Shoemsker, oral communication, 1957); hence
2.73 gm/cm3 way be £airly representative of the overall density of the
complex Precambrian crystalline rocks underlying this area within the
limits of accuracy of the smell number of samples. Density contrasts of
as much as 0.3 gm/cmj among the basement rock units msy be expected.

As far as average rock type is concerned, V. C. Kelley (1950, p. 53)
estimates that Precambrian rocks underlying the nearby Sen Juan basin
consist of varying combinations of about 45 percent granite, 30 percent
sc@ist and gneiss, 15 percent quartzite and phyilite, and 10 percent green-
stone. Quantitative deta, such es provided with e study of samples from -
vells snd xenoliths, helps in the interpretation of gravity anomalies

originating from rock units of contrasting density in the basement.
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Pre-Permian sedimentary rocks

Exemination of data from 18 deep wells drilled in and near the
Carrizo Mountains arec indicates that 2,400 to 3,100 feet of pre-Permian
sedimentsry rocks underlie most of the northern and eastern paxrt of the
ares. More than half this thickness consists of the Hermosa formation
(Pennsylvenian) and the gradational Rico formation (Pennsylvenian and
Permian?). This section undoubtedly thins southward toward the Defiance
uplift, inasmuch es a thickness of about 1,450 feet appeers in the Humble
"No. 1-D Navajo" well southeast of Beautiful Mountein, end no pre-Permian
sedimentary rocks crop out over the Precambrian 25 miles south of the area
(Gregory, 1917, p. 1T).

This sequence of rocks consists chiefly of carbonates (table 1).
However, appreciable thicknesses of shale are present in the Molas forme-
tion (Pennsylvanien) and sandstone is common in the Cambrian (?) and
Devonian systems. Density measurement data are insufficient to assign an
accurate averege density for the pre-Permian section in this area. The
renge of densities for the certonate section is about 2.65 to 2.8 gm/em?,
while that for the clastics is about 2.5 to 2.6 gm/emd. A denmsity of
2.65 gn/em?, the seme order of megnitude as the density of lighter

Precambrian rocks, probably typifies the pre-Permian sedimentary section.






Permisn and younger sedirentary rocks

Permian end younger
pERataPrigesie sedimentary section consists primarily of clastic

rocks ranging from shale to sandstone. J. D. Strobell, Jr. picked a number
of formation contacts for wells within and near the Carrizo area to contri-
bute to the following general measurements. The complete thickness of the
Permien Cutler formaticn, consisting mainly of red clastic beds, ranges
from 1,100 to 1,900 feet in elght wells. Seven wells show 1 ,650 to 2,000
feet of sandy claystone and fine sandstone in the Triassic system. Three
wells show 950 to 1,150 feet of Jurassic rocks ranging from mudstone to
sandstone. The full Cretaceous section does not crop out within the area.
Assuming saturation of pore space end compaction with burial, the average

density of this section probebly is between 2.4 and 2.55 gm/em.

11.



Igneous rocks
Sills and laccoliths

The Carrizo Mountains, rising to 9,412 feet above sea level and
covering 100 gquare miles, dominate the area, much like an "island
in the middle of a sedimentary sea" (Holmes, 1877, p. 27%). 'Typical
sills and laccoliths are exposed at the surface and implied by structure
(fig. 3). Thicknesses of exposed sills and laccoliths esre 500 feet or
less (J. D. Strobell, Jr., oral commnication, July 19, 195T).

The sills and leccoliths of the Cerrizo Mountsins are almost
wholly diorite porphyry, generally consisting of one-third to one-half
phenocrysts of hornblende and sndesine in a groundmass of quartz and
orthoclaze (Erery, 1916, p. 355; Williams, 1936, p. 155). G. V. Keller
of the U. S. Geological Suxrvey measured the bulk densities and fractional
water content at saturation for 25 samples of diorite porphyry from various
sills and laccoliths of the Carrizo Mountains (written communication,
August 1955). The average dry and saturated bulk densities of these
samples are 2.60 and 2.63 gm/em’, respectively. The standard deviations

for these measurerents are #0.06 gn/cm.

12
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The average grein density, as defined by Spicer (1942, p. 17),
of this set of samples is 2.68 gn/emd with & stendard devistion of
30.03 gm/cm5. The sverage dry bulk density of 11 qpher diorite porphyry
samples from the Cexrrizo Mountains is 2.60 gm/em’ (standerd devietion
£0.05 gn/em’). From these data it is estimated thet the aversge overall

density of sills and laccoliths in the Carrizo ares is about 2.63 gm/em.
Plugs and dikes

A nurvber of exposed volcanic rocks form & conspicuous part of the
landscape south and east of the Carrizo Mountains (fig. 2). Ship Rock
is the most prominent of the group (fig. 4). Ship Rock, rising 1,700
feet above the floor of the surrounding valley, typically consists of
minette tuff hreccia admixed with fragments of sedimentary and plutonic
rocks {(Williams, 1936, p. 136) f1lling s funnel-shaped vent originally
drilled by explosion (Shoemeker, 1956, p. 180). The other smaller plugs
exposed south and east of the Carrizo Mountains are composed of varying
amounts of tuff, baselt, and macrobreccia. In one locality e neck of
minevte is surrounded by a vent agglomerate of sedimentary materials -

{£ig. 2).

15



Igneous dikes are commnon throughout the area. A number of diorite
porphyry dikes are found along the flanks of the Carrizo Mountains.
Minette dikes radiate from igneous plugs or crop th with apparent
independence. Most dikes, though as much as 1 to 2 miles long, are less
than 20 feet thick (J. D. Strobell, Jr., oral compmnication, July 1957)
ard, consequently, have little effect on the regional gravity pattern.

The dry bulk densities of 35 samples of minette collected by
E. M. Shoemaker from the Navajo Reservation were measured by G. V. Keller
of the U. S. Geological Survey The average density of the group is
2.70 gn/em? with a stendard deviation of 0.18 gm/em?. This high value
undoubtedly does not represent the overall density of plugs, since the
plugs ordinarily are not f£illed by solid igneous material but, as illustrated
by Ship Rock (fig; 4), contain appreciable amounts of minette in the form

of less dense tuff breceia.

1k



Structure

;
:
:

Geologic structure influences the gravity anomaly patta'n, in

5 e My

bringing rocks of contrasting densities into Juxt&position. '.l‘he more ’

prominent struc‘bural features of the area will be discussed’ 'brieﬂy

C. B. Hunt (1953, P. 1!;0) found. that the conicel

1877, P. 271!»).

criterion.

Bitla'bito dome s south of Bitlabito trading post ’ intemxpt‘ the

regulerity of the structure along the east flank of the Carrizo
dome (fig. 2). The presence of the 400-foot structural high (Winchester,
1933, p. 81) may be attributed to an underlying igneous intrusion. However,
the Continental well near the structural center penetrated about 4,840 feet
of normal sedimentaty rocks (Strobell, 1956). Supplementery grevity \
stations were established in this vicinity to investigate the possibility

of an underlying igneous intrusion extending only to the top of the -

. Precanbriaen basement or offset from the mapped surfece structure.




In genefal the surface structure is only very slightly disturbed by
the protrusion of minette plugs through sedimentery strata in the Carrizo
area. Black Rock (also— known as Walker Pesk), however, coincides with a
structural closed high, the vicinity of Mitten Rock exhj;bf;.ts irreguler
dips (Besumomt, 1954), and Ship Rock falls in & trosd low. To investigate
the relation, if any, between the disposition of distremes and geologic
structure s additional gravity stations were establ:lshed in the vicinities
of Hlack Rock and Ship Rock. :

'me Boundsry Butte enticline (fig. 1) plungea southeast into the
Carrizo Mountains eree near Red Mesa trading post (fig. 2). 'nze apex of
the k00-foot closed. structural high is located 1n Uta.h about 5 miles no:rth‘t.
west of Fed Yese (8xrsag, 1952, p. 104). The trend of & ma,)or :_magnetic "

ancmaly closely parallela the structure (Whelen, 1952, P 126
1956). o
The Defiance uplift (fig. 1) is a ma;]or cténic element of the

Strohell »

' Coloredo Platesu. The Carrizo Mountains sres gt ,
, w7

northernmost extension of this feature. The east“boundsry of the uplift,

the Defiance monocline, evidently strikes north near Mitten Rock {(fig. 2).

.
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Field survey

Stetion location

U. 8. Geologica.l Survey 7-1/2 minute (1:24,000) and 15 minute
(1:62 500) topographic quadrangle maps vere used ror the £ield location

of g:avity sta.tions. These maps, contoured at 20-foot or ho—foot mter
vals, provide-a.n excellent means of horizontal location. Nlma'oua Indian-

built roads, mine access roads, and roads constructed for petrolemn

geophysical prospecting mede possible a close approximation of a proposed one

and one-half mile station interval.

Equipment &

'.L'ne use of a Worden gravity mter vith a constant of a‘oout 0.50

milligal per dial ‘unit proved well suited for the field measurement of

gravity. Elbe mstnment was carried in-a station wagon equipped with fcmr-“
vheel drive. ' 'l'wo Wa.llace and Tiernan a.ltimeters provided e.uxiliary ele—

vation control.

17
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‘elevations plus emphasis on field vork ‘berare 11 AV.VM.
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Elevation control

s

Numerous benchmarks and unlisted elevations along third order
level lines surveyed in 1933, 193k, and 1950 by tﬁ'U.k S. Geological
Survey: were used for control of altimetry A total of 65 sta.tions vere

established a.t these points. Numerorus prominent fea.ture have been
asa:lgned "spot elevations"”" determined by aerlal photographic :I.nterpretation

or grounﬂ. survey. The elevations of most of the 63 }stations este.‘blished. at

these po:lnts shoved consistent asreement to vithin f:l.ve r
vith altimetry.

Inasmuch as a complete plane ta‘ble or level

used for control in establishing 511 gravity stations. A mcednre or
frequent: ‘Tepeat readings and occupat:l.on of known or previously’esta‘blished

gradient usually began to increase rapidly, sufﬁ.ced to ’esta’blish elevations
for the rest of the stations. The elevations of most of the stations are
accurate to within about 10 feet. 'me station elevations re.nge from 4,662
near the San Juan River to 9,412 feet above sea level .at a benchmark on top

of Pastora Peak in the Carrigzo Mountains.

18




Gravity ineasurement

A procedure of three-step loop repetition (Nettleton, 19&0 s D- 58)

was used to "sta'bl:lsh 28 gravity base stations distributed along main

rosds throqgt_;out the area (table 2). The error of closure of & 135-m11§”'*‘"’

lud:l.ng 22 bases within the srea is 0.1 milligal 'Ihe 3‘

mile loop, 1ncluding Blanding, Utah, Mexican Hat, Utsh, and COrtez, Cc>lorado,

kot d L







Reduction of data

Stendard methods of computation were used to reduce the station date
to the ﬁ.n-a.l' Bouguer g'avit.y enomaly (fig. 5). U.-S. Coast end Geodetic
Survey cherts based on the International Formule provided the value of
mean sea le;'el theoretical gravity at meen sea level for the latitude of
each stét;dn. . '

In agreement with the U. S. Geological Survey regional gravity studies
of the cen'l;.;'al Colorado Plateau, a value of 2«5 gx;/c:m3 (Joet;tiné a.nd. Byerly,
195%, p. 50) has been assumed for the average rock dens:lfy to sea level for
use in the elevation correction., A brief study of densities of nearby well -
and surface sample's s as discussed previously, gave reasonable sgreement with
this value,’ -

Mn error of as much as 0.1 gm/em’ in density corresponds to a change
of 6,1 milligals of the Bouguer gravity anomaly difference between the
hishesfg;fa-m}}%;owest gravity stafions of the gravity survey. . The assumption
of 2.5 gm/ c:m3 for the density of near-surface rocks was partly substantiated,
inasmch as a close study pointed out no systemstic deflection of the gravity

contours  among adjacent gravity stations with large elevation differences.

21 (followed by 2la)
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Terrain corrections csrried out to about 45 miles (Bammer, 1939,
P. 190-191 and extrapolation) were applied to all stations. A value of
2.5 grn/cm3 was assumed :for the density of near-suriace rocks. Since the
average terram correction is about 1.3 milligals per station. an actual
near surface rock density as ldw 8s 2.2 gn/em’ would introduce an error
of only 0.2 milligal in this correction. The terrain correction for the
station on the top of Pastora Peak is 13.1 milligalss In this case the
surrounding terrain, sedimentary rocks end diorite porphyry, probably has

an average density of no less than 2.4 gm/ cm3, equivalent to an error of

0.5 milligel. This error will not appreciably change the gravity pattern, ' =;

inasmch as the Bouguer anomaly at nearby stations also would be reduced

proportionately.




The error due to mislocation of the station is undoubtedly less
than 0.2 milligal, since céertainty of location was a prerequisite in the
field. The value of o{)served gravity is accurate ’f:o about 0.3 milligal .
The largest error, ranging from 0.2 to 1.0 milligal, corresponds to the
expected error in elevation. Assuming 5 percent accuracy fdr terrain cor-
rection yields a maximum error of 0.6 milligal. Hence, the overall expected

error of the Bouguer andmaly is probably less than 1.0 milligel:

Interprétation

The large grevity anomalies (fig. 5) dominsting the ares are principally
the expression of rock units of dirferent densities within the under].ying
Precambrian basement. Gravity anomalies on the order of a fev miles 1n
diemeter apparently overlie rocks of uniform overall densities within the
basement. The large gravity lows near Ship Rock, Bitlabito, end east of
Sweetwster as well as the highs near Red Mesa and south of Black Bock‘
most likely outline deep und.erly:l.ng domains of rock vhose average density
contrasts vith that of the surrou.nding basement rocks. Gra.vity contours
west of Segl Ho Cho Mesa, though not forming a closed pattern as in the
preceding examples, in their lack of definite gradient probably indicate

associated basement rocks of relatively uniform density.




A 3-milligal closed gravity high (£ig. 5) roughly coincides with the
Carrizo Mountains dome. An apprecieble part of this closure may be due to
the excess mass of the diorite porphyry intruded ifx‘to the dome formed by
the less dense sedimentary rocks. If the upwarped section consists of
diorite porphyry rether than sedimentary rock (assuming a density contrast
of 40.15 mg/cm?), this would eccount for am anomaly of only 5 milligals.
However, sills and laccoliths make up only a subordinate part of the
mountain mass, so that an anomely of 2 milligals or less probably is due
to igneous material in the upwarped sedimentery section, while the remainder
of the anomaly is due to relatively dense rock within the underlying

Precambrian basement.

e
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The 3-milligal gravity closure over the Carrizo Mountains lies

within a larger north-plunging grevity nose. In profile view (fig. 3)

the nose has a relief of about 20 milligals relative to the nearby
regional lows to the east and west. This proba‘bly’represents an extensive
mass of rock on the order of a few miles deep that contrasts positively

in density with the basement rock to the east and west. There is insuf-
ficient evidence to show whether the deep mess causing the anomaly is
genetically related to the origin of the intrusion, to an extension of a
dense basement mass related to the Defiance uplift, or simply to the normal
basement between two prominent low density domains.

The gravity anomaly pattern apparently bears no relation to structure
‘near Bitlabito dome. There is no hint of a connection between this dome
and the Cerrizo bﬁuntains on the basis of the Bouguer gravity anomsly map.
The magnetic enomaly map of & ground magnetic survey (H. R. Joesting
personal comminication) over the same stations within the dome likewise
shows no relation to structure. If the structure is related to igneous
intrusion, either offset from the domal center or near the Precambrian
surface, the intrusive body is too smsll, too deep, or has too small a
density contrast with the surrounding rocks to be detected as a gravity

anomaly.
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Aditional gravity stations were also established near Ship Roek
and Black Rock. The Bouguer gravity enomaly map fails to indicete a
compayable gravity low or a high in the vicinity o£ Ship Rock o‘r Black
Rock. Similerly, Mitten Rock and other smaller minette plugs and dikes
show po correlation to the Bouguer gravity anomaly pattern. The close
spacing of stations minimizes the possibility of missing gravity anomalies
corresponding to features of small areal extent. Undoubtedly the tuffaceous
and breccisted character of the igneous materisl (fig. 4) results in a
reduction of the overall density of the plugs below the 2.7 gn/cm3 for
s0lid minettes Inasmuch as the gravity anomaly contours are not noticeably
deflected in the vicinity of the plugs, the overall density of the plugs

is probably close to that of the enclosing sedimentsry rock.

25



The Bouguer gravity anomaly contours near Boundary Butte anticline
roughly parallel the mapped geologic structures The magnetic anomaly
shows & similar trend (Whelen, 1952, p. 126). Undoubtedly en extensive
body of relatively dense rock underlies the Boundary Butte enticline.

Logs of nearby wells indicate that this dense rock probably does not occur
in the sedimentary section. The maximum depth to the center of this
relatively dense mass, according to measurements of the half-width of the
anomaly (Nettleton, 1940, p. 123, 224), is about 5 miles.

( ’ A gravity gradient of about 6 milligals per mile east of Red Rock
(fig. 5) parallels the cast boundary of the Defience uplift. The steeply-
dipping or faulted edge outlining the east edge of the rather high density
mass underlying the Defiance uplift is located within the basement approxi-
mately between thé 120 and 125 milligal ceontours near Red Rock, i.e., offset
to the west of the monoclinal structure at the surface. less than 5 milli-
gaels of the gravity gradient can be attributed to the estimated 2,500 to
3,000 feet of relief on the top of the Precambrian basement. The principal

( part of the enomaly, then, is due to the contrast along a rather sharp con-
tact of a large-scale dense basement mass beneath the Defiance uplift and tﬁe
less dense basement to the east. The west boundary of the uplift probably
blends less markedly into the normel section, which lies west of a line
along the three gravity lows west of the Los Gigantes Buttes, southeast of

Welker Butte, and west of the Carrizo Mountains.
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Figure 1.,—Index map showing location and structural setting of the Carrizo area,
Arizona and New Mexico.
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